Livestock feeding requires an effective removal of phytate from animal diets in order to enhance nutritional utilization [24, 28] . For this, the animal diets are usually supplemented with phytase [14, 18, 19, 25] , a hydrolytic enzyme that can be produced by a number of microorganisms [15, 21] . Phytases can also be used in sustainable agriculture to convert soil phytate into phosphate, which can be taken up by crops as natural phosphorus (P) fertilizer [23] . Nowadays, identification and engineering of phytases are still in demand for various industrial applications and conditions [10, 13, 26, 31, 34] . To date, a majority of the already identified phytases were obtained based on sequence similarity [4] , for example by using PCR amplification with degenerate primers [11, 12, 33] . However, such approaches are less competent in identifying novel phytases with no or low homology to known phytases. In this study, a functionbased strategy was used to identify phytase encoded by novel genes from a soil environment.
For this, a metagenomic library was screened based on an ability to utilize phytate as sole P source. This library was derived from the soil of a farm cultivated with winter wheat (Triticum aestivum) [3] . This soil was subjected to no P fertilization application over a long time period. Environmental DNA fragments, with an average length of 35 kb, were directly extracted from the soil and then cloned into a fosmid vector, pCC1FOS (Epicentre Biotechnologies, USA). The library was transformed into E. coli EPI300 (Epicentre Biotechnologies) as a host.
To identify candidate clones with strong phytate utilization capacity, a selective medium containing phytate as the sole P source was used. The medium was prepared as previously described by Unno et al. [29] . A total of 14,400 clones in the metagenomic library were stamped onto the surface of the phytate medium using the Q-Pix II robot (Genetix, UK). E. coli EPI300 with pCC1FOS empty vector was used as a negative control clone. All plates were incubated for 5 days at 30 o C.
Clones with strong growth were selected as phytaseproducing candidates. The candidate clones were re-streaked Environmental microorganisms are emerging as an important source of new enzymes for wide-scale industrial application. In this study, novel phytase genes were identified from a soil microbial community. For this, a function-based screening approach was utilized for the identification of phytase activity in a metagenomic library derived from an agricultural soil. Two novel phytases were identified. Interestingly, one of these phytases is an unusual histidine acid phosphatase family phytase, as the conserved motif of the active site of PhyX possesses an additional amino acid residue. In order to identify the putative phytase gene(s) in these two clones, the fosmid was extracted from each clone and subsequently sent for sequence analysis (Eurofins MWG Operon, Germany). The fosmid insert sequences were annotated using RAST (Rapid Annotation using Subsystem Technology) [1] . Interestingly, no open read frame (ORF) was annotated as a phytase gene in either fosmid. This suggested that these two clones possess potential phytase genes with no obvious homology to any known phytase gene. In order to identify these novel phytase genes, motif search using WAPAM [7] was performed to identify conserved motifs belonging to all known phytase families, including the histidine acid phosphatase (HAP) family (RHGXRXP, X for a random amino acid) [30] , the beta propeller (BPP) family (beta-sheet motif) [8, 27] , the cysteine-phytase (CPhy) family (HCXXGXXRT/S) [2] , and the purple acid phosphatase (PAP) family (DXG, GDXXY, GNHD/E, VXXH, or GHXH) [9, 17] . Interestingly, ORF_6 in clone WFS_1 (Table 1) was identified to possess a putative conserved motif belonging to the active site of the HAP phytase family. The amino acid sequence of the identified conserved motif was RHGLRYYP, which has an additional amino acid at the sixth position, in comparison with the typical conserved motif (RHGXRXP). In addition to this motif, HAP phytases contain another essential conserved motif, which consists of two amino acids "HD" near its C-terminal. The deduced amino acid sequence of ORF_6 also contains this "HD" motif, which together with the RHGLRYYP motif suggests that ORF_6 (further referred to as phyX) is likely to encode an unusual type of HAP phytase.
To confirm that the product of phyX is indeed a phytase, this ORF was subcloned into a pBBR1-MCS-4 vector [16] and expressed constitutively, as previously described by Patel et al. [23] . Primers phyX-F (5'-GAGCGAATTCACACG TAGAGGAGT-3') and phyX-R (5'-ATGGTCTAGACTTCA AGCAGCCTTGA-3') were used to amplify the phyX ORF (A) Medium supplemented with 5 mg/ml phytate, and (B) medium supplemented with 10 mM inorganic phosphate as P source. The pBBR-phyX demonstrated a strong capacity to utilize phytate as a sole P source for growth, whereas the negative control clone (NEG, empty pBBR-MCS4 vector) had slight growth due to an inevitable background phytase activity contributed by the product of the E. coli appA gene. Replacement of phytate with inorganic phosphate showed no growth differences.
( Table S1 ). The constructed plasmid, further referred to as pBBR-phyX, was transformed into E. coli TOP10 cells (Invitrogen, UK). The newly generated strain was streaked on phytate medium to examine its phytate utilization phenotype. The pBBR-phyX indeed showed strong growth as compared with the pBBR1-MCS-4 vector control (Figs. 1A  and 1B ). This confirmed that the product of phyX is indeed involved in utilizing phytate as the sole P source. To confirm that the product of phyX possesses phytase enzymatic activity, an assay previously described by Yanke et al. [32] was used to monitor inorganic phosphate release from phytate by a cell-free extract of pBBR-phyX at 37 o C.
This showed that the cell-free extract derived from pBBRphyX demonstrated a strong phytase activity based on the velocity of inorganic phosphate release per minute per gram of total protein (235 ± 40 µmol P/min/g). The pBBR1-MCS-4 vector control showed a background level of phytase activity (54 ± 16 µmol P/min/g) due to the appA gene of the E. coli host cells [6] . Data presented are the average of three independent biological replicates with standard error. This comparison showed that the phytase activity of pBBR-phyX was significantly higher than the background level, indicating that the PhyX product has indeed phytase activity. Interestingly, the optimum pH catalysis activity of pBBR-phyX was determined to be 6.5, whereas that of most HAP phytases is between 2.0 and 6.0 [31] . Since it has been reported that changing an amino acid closely adjacent to the RHGXRXP motif could make the optimum catalytic pH more neutral [5] , a modification within the RHGXRXP motif could in fact have a similar influence. Compared with most typical HAP phytases, PhyX has a higher optimum pH, which could be more suitable for catalysis in slight acid and neutral environments, such as the gut of fish. Within clone WFS_2, no ORF was identified to possess conserved motifs of any known phytase, suggesting that this clone possesses an unknown type of phytase. To locate the phytase gene, a subcloning strategy was adopted. Fosmid of WFS_2 was digested by HindIII and the restriction fragments were cloned into the HindIII site of pUC19 to generate a subcloning library. This library was screened on phytate medium to examine the phytate utilization capacity of the clones. One clone that exhibited phytate utilization capacity ( Figs. 2A and 2B ) was obtained. The recombinant plasmid, further referred to as pUCSFPhy, was extracted from this clone and subjected to sequence analysis, which showed that the pUC19 vector was inserted with a subcloning fragment of 5.7 kb (further referred to as SFPhy). To confirm that the genes in the SFPhy fragment are responsible for the phytase enzymatic activity, inorganic phosphate release from phytate by a cell-free extract was monitored, at its optimum pH of 7.0. This showed that the cell-free extract derived from pUC-SFPhy demonstrated a strong phytase activity (328 ± 32 µmol P/min/g). The pUC19 vector control showed a background phytase activity again (61 ± 16 µmol P/min/g, under the same conditions). Data presented are the average of three independent biological replicates with standard error. This comparison showed that pUC-SFPhy demonstrated a phytase activity significantly higher than the background level, indicating that the product of the ORFs in SFPhy has indeed phytase activity.
The nucleotide sequence of the SFPhy subcloning fragment was subjected to ORF prediction and annotation using RAST, which identified four ORFs (Table 2) . Among these four ORFs, ORF_1 was annotated as a Crp/Fnr family transcription factor, while the other three (ORF_2, ORF_3, and ORF_4) were all annotated as hypothetical proteins showing very low similarity with known proteins. None of these four ORFs were related to known phytase families. This indicates that the ORFs in the SFPhy fragment might encode for a novel type of phytase. In order to identify the ORF responsible for the phytase activity of SFPhy, each of these four ORFs were individually subcloned into the pBBR1-MCS-4 expression vector (Table S1 ). The four constructed plasmids, further referred to as pBBR-SFPhy_ORF_1, pBBRSFPhy_ORF_2, pBBR-SFPhy_ORF_3, and pBBR-SFPhy_ORF_4, Fig. 2 . Phytate utilization capacity of pUC-SFPhy in (A) medium supplemented with 5 mg/ml phytate, or (B) medium supplemented with 10 mM inorganic phosphate as the P source.
The pUC-SFPhy clone demonstrated a strong capacity to utilize phytate as a sole P source for growth, whereas the negative control clone (NEG, empty pUC19 vector) had slight growth due to an inevitable background phytase activity contributed by the product of the E. coli appA gene. Replacement of phytate with inorganic phosphate showed no growth differences.
were respectively transformed into E. coli TOP10 cells (Invitrogen). Interestingly, none of these four newly generated strains demonstrated phytase activity. This indicates that the product of each of the four ORFs could not work independently as a phytase. Instead, the phytase activity of SFPhy is more likely to require the participation of multiple ORFs. This also proved that the phytase activity demonstrated by SFPhy was not due to an up-regulation of the appA gene of E. coli by a transcription factor encoded by any of the four ORFs, particularly the ORF_1 that is likely to be a putative Crp/Fnr family transcription factor.
To test whether the putative transcription factor ORF_1 is involved in the expression of phytase activity of SFPhy, a mutant plasmid of pUC-SFPhy that removed the ORF_1 was constructed. For this, a modified fragment of SFPhy lacking 1,135 kb at the 5' prime was cloned into the pUC19 vector (Table S1 ). This truncated SFPhy fragment was cloned in the same orientation and at the same restriction site in comparison with the original pUC-SFPhy. As a control, another mutant plasmid of pUC-SFPhy, which only lacked 111 bp at the 5' prime of the SFPhy fragment, whereas ORF_1 remained intact, was also constructed using the same strategy (Table S1 ). These two plasmids, further referred to as pUC-SFPhy_DelF1135 and pUCSFPhy_DelF111, were respectively transformed into E. coli TOP10 cells. Interestingly, pUC-SFPhy_DelF1135 lost the phytase activity, whereas UC-SFPhy_DelF111 possessing the intact ORF_1 retained the phytase activity. Since the ORF_1 seems not to be a transcription factor to up-regulate the appA of E. coli, these results altogether suggested that the ORF_1 might be a transcription factor that is essential for the multiple ORFs of SFPhy to demonstrate the phytase activity.
To further verify whether all four ORFs of SFPhy were essential for phytase activity, a random gene knockout strategy utilizing Tn5 in vitro transposition was used, as previously described by Martinez et al. [20] . Indeed, the result showed that all four ORFs were essential for pUCSFPhy to retain its phytase activity. Thus, this putative novel phytase might either be a multi-subunit enzyme encoded by different structural genes, or consist of multiple enzymes that catalyze a multistep pathway of phytate degradation. This is different to known phytases, which are all encoded by a single structural gene [12, 17, 22] . The composition and structure of this putative novel phytase deserve further characterization.
This study revealed two novel type of phytases. They are very distinct in comparison with most known members of HAP, BPP, PAP, and CPhy phytases. Future efforts will be directed at characterizing these activities at the purified protein level. However, this study has demonstrated the potential of exploiting metagenomic approaches for mining new enzymatic activities with potential for industrial application. The novel phytases identified have the potential for agricultural and industrial applications to catalyze phytate degradation under neutral pH condition.
The nucleotide sequences of the phyX gene and the SFPhy fragment have been deposited to the Genbank database under accession numbers KF705200 and KF709432, respectively. The annotated function of each ORF (using RAST) and amino acid (AA) sequence similarity to its closest hits (by BLASTP) are shown. 
